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Pressure effects on the electron transport and structure of Ndi-ajSr^iMnOa (x — 0.45, 0.5) were 
investigated in the range from ambient to ~6 GPa. In Ndo.55Sro.45Mn03, the low temperature 
ferromagnetic metallic state is suppressed and a low temperature insulating state is induced by 
pressure. In Ndo.sSro.sMnOs, the CE-type antiferromagnetic charge- ordering state is suppressed 
by pressure. Under pressure, both samples have a similar electron transport behavior although 
their ambient ground states are much different. It is surmised that pressure induces an A- type 
antiferromagnetic state at low temperature in both compounds. 

PACS numbers: 75.47.Lx, 62.50.+P, 71.27.+a, 75.25.+Z 



I. INTRODUCTION 

In Ndi-xSr^jMnOa manganite, the size difference be- 
tween Nd^+ and St'^+ is large (~0.15 A). With increas- 
ing Sr^+ concentration, the bandwidth increases. With 
changes in x, intriguing spin, charge, and orbital phases 
are produced and extensive studies have been performed 
on these systemsii 

In the X = 0.5 compound, on cooling from room tem- 
perature, a transition from a paramagnetic insulating 
(PMI) phase to a ferromagnetic metallic (FMM) phase 
occurs at ~255 K and a transition from FMM phase to 
charge-ordered (CO) antiferromagnetic insulating (API) 
phase is observed at '^155 K. The magnetic structure 
in the CO AFI phase is CE-typei^ With the applica- 
tion of a magnetic field, the FMM state is enhanced 
and the charge-ordering state is suppressed completely 
above 7 Ti^ The magnetic field induced collapse of CO 
state is accompanied by a structural transition in which 
the volume increases drastically, leading to large posi- 
tive magnetovolume effect.* Orbital ordering coincides 
with charge-ordering. Different orbital ordering types, 
d3a;2_^2/c?3j^2_r2-type^ or c?a.2_y2-typej^ have been sug- 
gested in this compound. 

Ndo.45Sro.55Mn03 is an A-type antiferromagnetic 
metal with coupled magnetic and structural transition at 
-■225 K.2 The Mn moments are ferroniagnetically aligned 
in the ab-planc in Pbnm symmetry. Charge carriers are 
confined within the ab-planc while the transport along 
the c-axis is quenched, leading to highly anisotropic re- 
sistivity {pc/ Pab^W* at 35 mK)i The antiferromagnetic 
spin ordering is accompanied by the da,2_y2-type orbital 
ordering, both of which are simultaneously destroyed by 
high magnetic fields, concomitant with a discontinuous 
decrease of resistivityj^ 

In this manganite system, the magnetic, electronic 
and orbital transitions are correlated with an abrupt 
structural transition, in which the a and & lattice pa- 



rameters are elongated and the c parameter is com- 
pressed (in Pbnm symmetry) i Other groups showed that 
in Ndo.sSro.sMnOs, during the transition from FMM 
to AFI CO state, the crystal symmetry is lowered to 
monoclinic P21/m.^'^° Ritter et alm^ suggested that the 
low temperature AFI CO phase is phase-segregated into 
two different crystallographic structures and three mag- 
netic phases: orthorhombic (Imma) ferromagnetic, or- 
thorhombic (Imma) A-type antiferromagnetic, and mon- 
oclinic (P21/ni) charge-ordered CE-type antiferromag- 
netic phases, in which a magnetic field can induce the 
charge-ordered monoclinic phase to collapse and to trans- 
form into the FMM orthorhombic phase. Kajimoto et 
al.^- showed that in the CE-type and A-type antiferro- 
magnetic states, the MnOg octahedra are apically com- 
pressed corresponding to d'^,j.2__j.2 / d^y-2_j.2 or dx2-y2 or- 
bital ordering. 

Hydrostatic and uniaxial pressures affect the CO and 
FMM states differently. In Ndo.sSro.sMnOs, hydrostatic 
pressure (<~1 GPa) increases Tc with dTc/dP = 6.8 
K/GPa and decreases Tco at a rate of 8.4 K/GPaji^ 
while uniaxial pressure along the c-axis decreases Tc 
at a rate of 60 K/GPa and increases Tco at a rate of 
190 K/GPai4 In Ndo.45Sro.55Mn03, with the applica- 
tion of uniaxial pressure along the c-axis, the A-type 
antiferromagnetic phase is stabilized by increasing T^r 
at 66 K/GPa, implying the stabilization of the d^2_y2 
orbital>i4 In thin films, due to the effect of substrate, 
biaxial strain can be induced. In Ndo.5Sro.5Mn03 thin 
films, the thickness dependent strain tunes the compe- 
tition between CO insulating and FMM states, and 
there are optimal strain conditions under which the CO 
or metallic states appear. 

The correlation between the structure and the elec- 
tronic and magnetic transitions indicates its crucial 
role in this doping system. We have studied the 
CO, FMM, and antiferromagnetic state changes in 
Ndo.55Sro.45Mn03 and Ndo.5Sro.5Mn03 through high- 
pressure (up to '^6 GPa) resistivity and structure mea- 
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FIG. 1: Resistivity of (a) Ndo.55Sro.45Mn03 and (b) 
Ndo.sSro.sMnOs under pressure. 

surements. It is found that pressure induces similar elec- 
tronic and magnetic behavior in them, which can be par- 
tially related to the changes of orthorhombic distortion 
under pressure. 



FIG. 2: Transition temperatures of (a) Ndo.55Sro.45Mn03 and 
(b) Ndo.sSro.sMnOs. The solid lines are third-order polyno- 
mial fits as guides to the eyes, (a) Metal-insulator transi- 
tion temperature of Ndo.55Sro.45Mn03 where the inset shows 
the resistivity changes with pressure in PMI phase [at 316 K 
(solid circle)] and FMM phase [at 120 K (open circle)]; (b) 
Metal-insulator transition (solid circle) and charge-ordering 
transition (solid square) temperatures of Ndo.sSro.sMnOa. 



II. SAMPLES AND EXPERIMENTAL 
METHODS 

The samples were prepared by solid-state reaction. 
Stoichiometric amounts of Nd203, Mn02, and SrCOs 
powder were mixed, ground, and calcined at 900 °C for 15 
hours. The sample was then cooled down to room tem- 
perature and reground and then calcined again at 1200 
°C for 17 hours. The powder was then pressed into pel- 
lets. The pellets were sintered at 1500 °C for 12 hours, 
cooled down to 800 °C at a rate of 5 °C/min, and then 
quickly cooled down to room temperature. The pellets 
were annealed at 1200 °C and cooled down slowly to room 
temperature at 1 °C/min. The x-ray powder diffraction 
patterns show a single crystallographic phase for each 
sample. The magnetization and resistivity measurements 
are consistent with the results of other groups iiii^ The 
details of the high-pressure resistivity and high-pressure 
x-ray diffraction measurement methods and error analy- 
sis were described previously^S 



III. RESULTS AND DISCUSSIONS 

A. Ndo.55Sro.45Mn03 

Ndo.ssSrg 45Mn03 is a double exchange compound, 
with a FMM to PMI transition at --280 K upon warm- 



ing. Under pressure, the electron transport is modi- 
fied in an interesting manner. Figure ^a) shows the 
resistivity as a function of temperature and pressure. 
The most important feature is the insulating state aris- 
ing at low temperature under pressure. With pres- 
sure increase, the insulating behavior dominates above 
^^6 GPa. Consequently, the resistivity in the measured 
temperature range changes with pressure [inset of Fig. 
|2Ia)]. Below ^^3.5 GPa, the resistivity in the PMI phase 
is reduced while in the FMM phase it is almost un- 
changed. Above ^^3.5 GPa, in both phases, resistivity in- 
creases rapidly with pressure. In the low-pressure range, 
the metal-insulator transition temperature Tmi increases 
with pressure. Due to the limit of the instrument, Tmi 
above 325 K in the range of ~2-4 GPa cannot be de- 
termined. Above ^4 GPa, the transition temperature 
decreases on pressure increase. Above ~6 GPa, the insu- 
lating behavior dominates so that the transition temper- 
ature cannot be determined, although there is still a trace 
of metallic behavior. The change of transition tempera- 
ture with pressure is plotted in Fig.|2Ia). The third-order 
polynomial fit gives a critical pressure P*^2.6 GPa, while 
the resistivity in paramagnetic phase (at ^^316 K) gives 
P*~3.6 GPa [inset of Fig.Efa)]. 

In this compound, the behavior of Tj\// and resistivity 
is similar to that found in Lao.eoYo.oTCao.ssMnOs (Ref. 
Iigl) and Pro.7Cao.3Mn03iS£ However, the mechanism by 
which the materials become insulating at high-pressures 
is different. In those two compounds, the materials be- 
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come insulating through the suppression of the FMM 
state, displaying a decreasing Tmi above critical pres- 
sure. In Ndo.55Sro.45Mn03, the insulating state at high 
pressures has two origins: the suppression of the FMM 
state and the expansion of a low temperature insulating 
phase, which appears with pressure increase and finally 
dominates at high pressures. The enhancement of the in- 
sulating phase is the dominant contribution to the change 
in resistivity. 

Abramovich et al^ proposed a phase-separation 
model in which the API droplets lie in a conducting fer- 
romagnetic host. In the phase-separation model, the be- 
havior of the material becoming insulating can be un- 
derstood as pressure induced percolation where the in- 
creasing pressure suppresses the FMM component and 
enhances AFI component above P*. 

It is noted that the transport behavior at high 
pressures where the compound becomes insulating 
is similar to that of Ndo.45Sro.55Mn03 at ambient 
pressureiS^ When high magnetic field of 35 T is ap- 
plied, the resistivity of the A-type antiferromagnetic 
metallic Ndo.45Sro.55Mn03 becomes similar to that of 
Ndo.55Sro.45Mn03, which is ascribed to the destruction 
of the A-type antiferromagnetic spin ordering and (1^2 _y2 
orbital ordering.® Considering the similarity between the 
resistivity of x = 0.45 compound under high-pressure and 
X = 0.55 at ambient pressure^^ and that of x = 0.55 in 
high magnetic field,* one might speculate that the state 
induced by pressure in x = 0.45 compound has a similar 
spin and orbital structure to Ndo.45Sro.55Mn03. 

With the high-pressure structural measurements, it is 
found that the lattice is compressed anisotropically by 
pressure. The varying rates of change of lattice parame- 
ters under pressure lead to further distortion of the unit 
cell. To describe the orthorhombic distortion, Meneghini 
et alr^ defined the ab-plane distortion {Osab = 2fq^) 

and c-axis distortion [Oc — 2 °^^~°^ ) (in Pbnm sym- 
metry). When the lattice is cubic, both O&ab and Oc are 
zero. Pigure|3Ja) shows that both distortions increase un- 
der pressure, indicating a more distorted structure from 
the cubic case. 

The structure of Ndo.45Sro.55Mn03 is (a » 6 < 
The corresponding orthorhombic distortion is ~0 

in the ab-plane and -2% along the c-axis (calculated 
with the data in Ref. il2ll. which corresponds to the 
(i2;2_j^2-type orbital ordering and the A-type antiferro- 
magnetic metal state. Under pressure, the orthorhombic 
distortion for both the c-axis and the ab-plane increase 
in Ndo.55Sro.45Mn03, indicating that the high-pressure 
structure is more different from Ndo.45Sro.55Mn03 than 
at ambient pressure. The ab-plane distortion increase 
of Ndo.55Sro.45Mn03 under pressure implies that the or- 
bital state is different from that of Ndo.45Sro.55Mn03 at 
ambient pressure. However, the similarity between the 
resistivities (in both absolute value and shape) seems to 
suggest that pressure induces an A-type antiferromag- 
netic state in Ndo.55Sro.45Mn03. 
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FIG. 3: Pressure dependence of the ab-plane and c-axis 
orthorhombic distortions of (a) Ndo.55Sro.45Mn03 and (b) 
Ndo.sSro.sMnOs. (The dashed lines are guides to the eye.) 



B. NdosSrosMnOa 

Figure Ofb) shows the resistivity of Ndo.5Sro.5Mn03 
under pressure. In the low temperature CO AFI phase, 
the resistivity is reduced by pressure. On the other hand, 
the insulating region extends to higher temperature so 
that the ferromagnetic metallic state is suppressed. If the 
temperature where insulating and metallic states cross 
(the resistivity minimum) is defined as CO transition 
temperature, Tco increases first with pressure and ap- 
pears to decrease above ~3.8 GPa [Fig. I21b)]. At the 
same time, pressure affects the metal-insulator transi- 
tion only slightly. With pressure increase, Tmi increases 
below ~3 GPa and drops above ~3 GPa. The highest 
Tmi is only ~4 K higher than that at ambient pressure. 
In the measured pressure range, resistivity in the PMI 
phase is suppressed. 

Tco increases with pressure below ~3.8 GPa while 
Tmi shows almost no change [Fig. IHb)] . This is differ- 
ent from the result that hydrostatic pressure (<1 GPa) 
increases Tc and decreases Tco reported by other au- 
thors in single crystals»i^ On the contrary, our results 
are consistent with the effects of uniaxial pressure along 
the c-axisiJA In Fig. |2Ib), it is seen that the c-axis dis- 
tortion increases while the ab-plane distortion decreases 
with pressure. Because the CO state corresponds to a 
higher orthorhombic distortion state;^ possibly the pres- 
sure induced increase of c-axis distortion enhances the 
CO state. On the other hand, the decrease in the ab- 
plane distortion may enhance the electron hoping and 
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lead to the resistivity decrease in the ab-plane. 

Roy et alM- reported that pressure above ~1.5 
GPa splits the coincident antiferromagnetic and charge- 
ordering transitions in which Tqo increases while Tjv 
decreases. With the transitions decoupled, resistivity 
rises abruptly at the magnetic transition but not at the 
CO transition, implying that low temperature resistivity 
comes mostly from the CE-type antiferromagnetic state. 
We did not observe the Tco and Tjy splitting in a larger 
pressure range, possibility because our sample is poly- 
crystalline. In this case, the grain size distribution and 
randomly distributed grain orientations may lead to the 
broader CO AFI transition in polycrystalline samplesii 
than in single crystal."^ However, the large suppression 
of resistivity indicates that the antiferromagnetic state, 
specifically the CE-type antiferromagnetic state, is sup- 
pressed, which is also consistent with the ab-plane or- 
thorhombic distortion reduction [Fig. |3Ib)] . 

In Ndo.aSro.sMnOa, by substituting Nd'^^ with larger 
size La^+, the bandwidth is increased and hence the 
CO phase is suppressed and Tc increases. With ap- 
plied pressure, a transition from the CO CE-type AFI 
to the A-type AFI was suggested, in which resistivity is 
suppressed and Tco gradually increases with pressure. ^'"^ 
This is consistent with our result in the parent com- 
pound Ndo.sSro.sMnOs and at a much higher pressure. 
The smaller ab-plane distortion and larger c-axis distor- 
tion at high pressures may favor an A-type antiferro- 
magnetic state and dj;2_y2 orbital ordering as in the x 
= 0.55 compound. In the A-type AFI state, resistiv- 
ity is decreased due to enhanced in-plane transfer in- 
tegral by the reduction of in-plane distortion. In the 
phase-separation modelf-- the A-type antiferromagnetic 
phase is enhanced and the CO CE-type antiferromagnetic 
phase is suppressed concomitantly by pressure. Because 
the bandwidth is sensitive to the atomic structure of the 
MnOg octahedra, especially the Mn-O-Mn bond angle, 
it is highly desired to measure the atomic structure to 
explain the electronic and magnetic behavior under pres- 
sure. Unfortunately, it has been found difficult to acquire 
the atomic structure information from x-ray diffraction, 
due to the large difference between the scattering factors 
of the Nd/Sr and oxygen atoms compared to the case 
of Lao.eYo.ovCao.saMnOa in our previous work,-12- which 
makes the refinement to the oxygen coordinates in the 
unit cell extremely difficult. A similar case also exists in 
the study on the structure of PbO under high-pressure 3S 
So other experimental techniques, such as high-pressure 
Raman scattering, are proposed to probe the local struc- 
ture changes under pressure. 

The two Ndi-xSra-MnOs manganites at x = 0.45 and 
0.5 have very different electronic, magnetic, and orbital 
ground states at ambient conditions. However, when we 
compare the resistivity at high-pressure, we can find a 
surprising similarity between them [Figs.QIa) and^^b)]. 
Figure 0] is an example of the resistivity of these two 
compounds at pressures above the critical pressure. The 
similarity also seems to imply a similar electronic and 




80 120 160 200 240 280 320 



T(K) 

FIG. 4: Comparison of resistivity of Ndo.55Sro.45Mn03 and 
Ndo.sSro.sMnOs under pressure. The inset shows the resis- 
tivity of Ndo.sSro.sMnOa thin films with different thicknesses 
from Ref. |0| for comparison with our pressure results. 



magnetic state. The structural measurements partly jus- 
tify this assumption. The orthorhombic distortion of x = 
0.45 is increased by pressure to almost the same as that 
of the X = 0.5 compound at ambient pressure [Figs.|3fa) 
andl^Jb)]. In addition, the similarity between the high- 
pressure resistivity of these two compounds and that of 
Ndo.45Sro.55Mn03 also suggests an A-type AFI phase in 
the high-pressure phase. 

It is interesting to compare the effects of pressure and 
strain in thin films. The inset of Fig.^jshows the resistiv- 
ity of Ndo.sSro.sMnOa thin films of several typical thick- 
nesses from Prellier et alii^ With thickness decrease, the 
strain in thin films is found to increaseii^ Compared with 
Ndo.55Sro.45Mn03, the resistivity evolution with thick- 
ness decrease (strain increase) is in analogy to pressure 
increase in bulk Ndo.55Sro.45Mn03, indicating that pres- 
sure increases strain in bulk sample proved by structure 
measurements. 



IV. SUMMARY 

In summary, by studying the resistivity and structure 
of Ndi_a;Sra;Mn03 (x — 0.45, 0.5) at high pressures, it 
is found that they have a similar resistivity as a function 
of temperature, which results from the different effects 
of pressure on their structures. Under pressure, both the 
ferromagnetic metallic state in the x = 0.45 compound 
and the CE-type antiferromagnetic insulating state in the 
X = 0.5 compound are suppressed. By comparing the re- 
sistivity and structure with the x — 0.55 compound, pres- 
sure appears to induce a similar electronic and magnetic 
state in these two compounds with much different ground 
states. We suggest that the pressure induced magnetic 
states in both samples are A-type antiferromagnetic. 
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